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Introduction
Infectious diseases are a major worldwide cause of morbidity and mortality, and biofilm formation stands out as a key virulence factor contributing to the emergence and dissemination of antibiotic resistance traits in chronic and nosocomial infections [1] [2] [3] [4] . Pneumonia in cystic fibrosis patients, chronic wounds, and catheter-associated infections are meaningful examples of biofilm-based infections. The severity and widespread dissemination of these infections, and most notably the increasing emergence of multi-drug resistant strains, have promoted dynamic research on the molecular interplay underlying these microbial agglomerates. The ultimate aim is to discover new drug targets and design drugs with alternative, and more effective modes of action [5] [6] [7] [8] . To this end, conventional microbiological experimentation is giving place to high-throughput and multidisciplinary experimentation [9] . Cell viability, biomass formation, respiratory activity, morphological characterisation, and transcriptome and proteome profiling are among the variety of analytical methods commonly used now.
These experiments are producing a wealth of data, but experimental results could be better explored if only the interchange and comparison of data among laboratories was not so limited. Often, different laboratories report contradictory results about similar infection scenarios. The comparison of raw data and the unequivocal characterisation of experimental methods would allow the evaluation of the possible cause(s) of such nonconformity. Notably, it is of upmost importance to differentiate between procedural discrepancies and natural-occurring biological variation and thus, to be able to assure the reproducibility and ruggedness of the results. A first step in this direction is the specification of a common computer-readable and interchangeable data format, which establishes the minimum set of information necessary to guarantee the comprehensibility of the experiment (both in terms of the procedures used and the data obtained), and the representation of the data itself.
The MIABiE initiative, 2 encompassing an international body of Biofilms experts, is working on the definition of guidelines to document biofilms experiments and the standardisation of the nomenclature in use [10] . Biofilms-centred databases such as BiofOmics 3 [11] and MorphoCol 4 [12] are already endorsing these guidelines and making experimental data publicly available. However, the community lacks computational tools to assist researchers in the preparation of experimental data files, and the individual and comparative analysis of experimental results. Typically, researchers organise and document their experiments as most convenient at the moment, and research articles show only selected results, e.g. plots and some statistical significance values, that sustain the conclusions in a more intuitive way. This ad hoc style of analysis can lead to human error and misinterpretation, loss of data and results, and lack of verifiability, repeatability and extensibility. Moreover, this approach prevents the experiments from being easily uploaded to public databases (namely, being available on the Web in a query-able form for the community), and being computed straightforwardly by other researchers than the authors.
To bridge this gap, this work introduces the Biofilms Experiment Workbench (BEW), the first software tool dedicated to biofilms data operation and analysis [13] . BEW aims to make analysis more systematic by consolidating data, analysis and results. Towards this end, this work also proposes the Biofilms Markup Language (BML) as a new data representation format for modelling biofilms experiments, and effectively promoting data interchange across resources and software tools. BEW endorses BML and supports main data operation and analysis functionalities, such as: (i) the customised, but standardised documentation of experiments, (ii) the statistical assessment of various analytical results, (iii) on-demand and Web-publishable experiment reporting, (iv) the deposition of experiments in public databases, and (v) the comparison of results between laboratories. Although emphasising the unique ability of BEW to work with biofilms experimental data, it is noteworthy that researchers may still put it to use for documenting more general microbiological studies. Biofilm research is built upon biofilm-specific experiments as well as experiments common to other scientific areas. So, BEW is able to manage information of microbiological studies with various purposes.
The next sections detail the BML, the architecture of BEW and its main functionalities. Further documentation can be found at its Web site (http://sing.ei.uvigo.es/bew), including some sample data and demos. The workbench is available free of charge for non-commercial use under LGPL license.
Methods

BML data representation
The goal of the proposed BML is to serve as a software lingua franca supporting the encoding of biofilms experimental data such that those experiments can be exchanged and interpreted unambiguously by different software systems. Biofilm research is built upon biofilm-specific experiments as well as experiments common to other scientific areas. The BML does not aim to overtake or compete with any existing standard or representation but rather to address biofilm-specific information requirements. Notably, the MIABiE consortium decided to delegate the documentation guidelines of non biofilm-specific data to the appropriate community initiatives [10] . For instance, data coming from transcriptome, proteome and other "omic" technologies applied to biofilm populations should be documented as suggested by MIAME [14] , MIAPE [15] , and similar guidelines. This would also be the case for specific techniques, such as fluorescence in situ hybridisation or flow cytometry, for which minimum information guidelines have also been reported [16] .
While existing XML-based laboratory standards, such as the AnIML (the Analytical Instrumentation Markup Language) [17] , support the documentation of laboratory workflows, high-throughput and statistical methods are not conveniently linked. As a result, BML was created with the purpose to provide a whole-experiment data representation of the biofilm study, encompassing the corresponding experimental setup, assays and methods of analysis (Fig. 1) .
The Experiment structure is the highest-level construct in the BML document. It defines a grouping of components, namely the experiment name and short description, the list of methods of analysis, the list of experimental conditions, the data series (i.e. the experimental data) and the authorship information that define a given experiment. One or more component of type Experiment are allowed per instance of an BML document, depending on whether the experiment was performed by a single laboratory or by multiple laboratories. An Experiment must contain at least one Condition, one Method of Analysis and one Authorship data element, but BML does not impose restrictions on the total number of these.
The BML data representation format was formalised in eXtensible Markup Language (XML) [18] because of its portability and widespread acceptance as a standard data language for Bioinformatics. The language is available free of cost and restrictions to all users, developers, and other interested persons and organisations.
BEW architecture
BEW is a desktop-based application developed with AIBench, an open-source Java desktop application framework for scientific software development in the domain of translational biomedicine [19] . AIBench provides the developer with a plugin-based and low intrusive framework which is based on sound architectural design patterns [20] . AIBench is well suited for scientific applications which follow the simple input-process-output (IPO) model. The developer has to focus only in three kinds of software objects: (i) operations, including specific data analysis algorithms and data loading/saving routines, (ii) datatypes, produced and consumed by operations, representing the application domain data and (iii) views, which are visual components rendering datatypes in an user-friendly manner. While the developer is in charge of creating these application specific objects, AIBench is in charge of providing common functionalities, such as user parameters retrieval for every operation, basic graphical user interface environment, experiment automation and reproduction thanks to an internal scripting framework, multi-thread operation execution, logging, and automatic software update installation.
BEW is an AIBench application and thus, relies on it for basic functionalities of the user interface, that is, a conventional display of objects and operations, a menu bar, a clipboard containing all generated objects during the session, and a visualisation pane for results [13] . For more specialised routines, such as data plotting and statistical analysis, BEW uses third-party libraries. The main data object or datatype in BEW is the Experiment object, which is the minimum unit of information that may be entered to or generated from BEW. An Experiment is structured into experimental conditions, methods of analysis and data series, such that the resulting data are fully contextualised and it is possible to compare results among experiments. All these objects are displayed in a customised way that enables immediate data comprehensiveness as well as customised data download or export. BML files contain a Schema used to validate the data structure used in BEW and, in a way, can be seen as a serialisation of the Experiment instances in BEW.
While the BML has been formalised to attend to biofilmspecific documentation requirements, it is important to notice that the architecture and the development strategy of BEW is quite generic. BEW supports many common analyses in microbiology and therefore may be used in a larger set of studies, including or not biofilms data.
External software packages
The workbench integrates third-party software in support of flexible data operation and analysis. Specifically, BEW includes: a plugin to perform statistical tests in R statistical computing tool, 5 the JFreeChart library 6 to perform data plotting, the JXL library 7 to read and write Excel worksheets, and the JSoup library 8 to create customised HTML reports. It is worth of notice that BEW only incorporates free and open-source third-parties as means to not compromise future adaptation and extension of the functionalities, and allow active community participation. All external software packages except R are included in BEW installation routine. R software has to be installed individually, but BEW provides instructions to step the user through the whole installation effortlessly.
2.4.
Web services and database cross-linking BEW works as a Web service client, i.e. BEW can directly connect to external public databases and import biofilms data. Currently, the BiofOmics database 9 is supported, as means to make experimental data readily available to the community and hence, promote data interchange between individuals and research groups as well as facilitate the collaboration of groups working on large-scale projects. A simple point-andclick interface allows users to upload experiments to their accounts in BiofOmics and issue a request for database publication (Fig. 2) . Likewise, users may download for analysis any number of public experiments. BiofOmics Web services are also used to keep an updated and harmonised version of the biofilms vocabulary to be used in the description of experiments (Fig. 3) . Specifically, the user may update the methods of analysis and common test conditions, such as organisms, growth media, antimicrobial agents and adhesion materials (http://biofomics.org/ pages/apiExplanation). Although BEW always includes a release of BiofOmics harmonised vocabulary, this functionality enables continuous update and active vocabulary enrichment, i.e. users may introduce new methods of analysis or test conditions in the local vocabulary and then, propose them to BiofOmics curators.
Notably, part of the vocabulary is cross-linked to domain databases, e.g. organisms are linked to NCBI Taxonomy [21] and other collections, drugs are linked to DrugBank [22] and natural peptides to CAMP [23] . Cross-linking is important to 
Results
User directives and case studies
Given the variety of biological scenarios emulated in biofilms experiments and the wide variety of methods of analysis used, it was important to have a number of different experiments as cases studies. It was crucial to ensure the ability to represent different test conditions (nominal such as organism species or adhesion materials, or numeric such as pH and temperatures values), and design data tables contemplating different ways of combining conditions, and unequivocally expressing data replicates and experimental reproductions of those tests (Table 1) . We used a total of 22 experiments, all publicly available at BiofOmics. Given that this is the very first software to attend to Biofilms bioinformatics needs, the evaluation of user-system interaction is considered crucial to promote and disseminate this tool among researchers. Therefore, BEW was submitted to an interactive evaluation involving 8 testers, with different levels of expertise and biofilms data operation routines. Moreover, BEW was tested in multiple versions of Windows, Linux and Mac operating systems as means to guarantee a satisfactory installation and user experience. The next sections detail the creation, population and analysis of experimental data in BEW step-by-step using one of the tested case studies -the study of the adhesion of water stressed Helicobacter pylori to abiotic surfaces (http://biofomics. org/BOID 1) [23] .
Experiment management
BEW manages projects, which encompass one or multiple experiments and all associated analyses. Users specify projects according to their individual or collaborative goals such that the project encapsulates all data and metadata required to interpret the data and the analyses unambiguously. Data interoperation is supported by two experiment file formats: MS Excel TM worksheets (.xls) and the Biofilms Markup Language (.xml). The BML data format is the default data format of BEW, but spreadsheets are the most common file format among researchers. So, it was important to support this format as well, and enable both data importation and exportation from/to spreadsheets [12] . As such, users may introduce old, manually created data files in BEW, and generate data in BML format for database submission and general interchange. 4 illustrates the BML data file for the present case study, which is about a single experiment that evaluates two conditions -the adhesion material (6 possible values) and the time of growth (7 possible values) -by counting the number of colony forming units.
Regarding user-system interaction, experiment importation and new experiment wizards are similar, the main difference being the automatic introduction of data in importation (Fig. 5) . For each method of analysis, the user has to identify or verify the conditions that are tested and indicate the units of measure of the introduced data. Also, the user is urged to employ harmonised vocabulary or clearly state the use of other vocabulary.
After creating the experiment, the user can save the work session at any point. Experiment settings and data are saved as a whole in markup language format, while plots and statistical test results should be downloaded individually. 
3.3.
Descriptive and statistical analysis BEW is equipped with a powerful analytical component that supports on-demand and customised construction of data plots and statistical data testing. Both data plotting and testing were made as flexible as possible in order to accommodate the analysis of the results produced by virtually any combination of test conditions (Fig. 6 ). This ability is crucial given the variety of goals of analysis and the methods of analysis employed to meet them. Currently, BEW supports the creation of 2D scatter and bar plots, performs the detection of outliers, examines data normality and homoscedasticity, and analyses data variance. For example, using the data of the case study presented above, Fig. 6 shows a bar plot where the impact of the adhesion material on biofilm growth can be assessed, while Fig. 7 illustrates statistical significance of such data.
These were the analytical abilities most requested by the contacted users, but BEW can easily incorporate any other 2D plot or statistical test upon request. Moreover, individual plots may be exported as publishable-quality images in PNG file format, and may be included in experiment reports on demand.
Experiment report and database submission
The documentation of Biofilms experiments has two practical purposes: the deposition of the experiments in public databases and the description of the results reported in scientific manuscripts. BEW enables the construction of customised Web publishable reports, which may include details on experimental setup, data summary and statistical results. These reports may be used as experiment profile records that complement the actual data files. In Fig. 8 , examples of these records for our case study are presented. These can highlight, for instance, the main points of the experimental setup, by describing the authors, the publication details and providing a summary of the work; or can provide a more detailed look on a subset of data that might be of a particular interest to the user (in this case the number of CFUs for all conditions is depicted). Experiment submission to and download from BiofOmics database is a key functionality regarding the reinforcement of data interchange across the community (Fig. 2) . After users register in BiofOmics, they are entitled to a private area where experiment access is limited to the account owner and BiofOmics curators. Data becomes public only after complying with the minimum information requirements. Meanwhile, BEW enables account owners to download, upload or update data files, and to download any public data files.
Demo and help
Due to the unfamiliarity of the potential users to the software and their relatively small bioinformatics experience, we are committed to provide as much user support as possible. To begin with, the installation of BEW has been made as simple as possible so that the users may download and try out the software as effortlessly as possible.
In the workbench, most interfaces have a "help" button to provide information about the interface. To further expedite software exploration, BEW includes a directory of sample data, with examples of single and multi-lab experiments. Also, at the Web site (http://sing.ei.uvigo.es/bew), users may find step-by-step tutorials and demos on both installation and operation.
Discussion
Biofilms is a key domain in Clinical Microbiology that is now engaged in high-throughput and systems-level research, being quite prolific in the generation of experimental data. Such activity has raised the need to find an adequate and scientifically sound way to control the quality of the data and the documentation accompanying the public deposition of biofilm-related experiments. The international consortium MIABiE has initiated the identification and organisation of a set of modules containing the minimum information that needs to be reported to guarantee the interpretability and independent verification of experimental results, and their integration with knowledge coming from other fields [10] . To prevent ad hoc analysis and to equip researchers with suitable computational means is an immediate necessity of this community effort. Experiments need to be documented consistently and systematically, following common guidelines and using harmonised vocabulary. A common language and data structure will potentiate the use of public databases and expedite laboratory data interchange.
Currently, most laboratories do not follow a standardised documentation approach. So, an intrinsic aspect of BEW and BML development is the adoption of a participative, community-oriented, and informal approach that follows MIABiE guidelines. Typically, we take advantage of expert meetings, such as the Eurobiofilms 2013 meeting in Ghent, as well as our long-term collaboration with other laboratories, to raise discussion and acquire user feedback. Indeed, much of the BEW software has grown out of years of collaborating with researchers on biofilms analysis, aiming to promote data exploration and lead to a greater understanding of data relationships. Notably, BEW replicates basic routines of data preparation and analysis, encourages data submission to public databases, and supports collaborative data analysis among laboratories. In the future, the analytical abilities of BEW will be extended to the construction of application-specific decision making models and biological interactions networks.
By using BEW, the daily routine of researchers will be functionally upgraded, paving the way to experiment reproduction across laboratories. Likewise, this will also have an important effect on scientific peer reviewing, raising the field to a new level of confidence and consideration by other scientists in Life Sciences.
Conclusions
Biofilms are a prominent subject within Biomedical research. In this paper we present BEW, the very first bioinformatics tool developed to meet the data processing and analysis requirements of the Biofilms research domain. In complement, we introduce the BML for the formal computerised representation of biofilm experiments, in the broader benefit of the development and use biofilms resources and software packages. With greater interaction between tools, and a common data format for publications and databases, researchers will be able to perform systematic experiment comparison and data interchange.
Ongoing work is mostly centred in refining the analytical capacities of the workbench, providing new advanced and specialised functionalities. For example, we are working on multidimensional data analysis and the processing and analysis of image data. Based on users' feedback, we devote additional efforts to satisfy domain-specific requests (both in terms of data management and analysis) and to improve the interface (easy-to-use and the intuitiveness) of the workbench. In close cooperation with the MIABiE consortium, we are also planning some hands-on courses to introduce the software to biofilms practitioners.
The software, the documentation, and example datasets are publicly available at http://sing.ei.uvigo.es/bew under the LGPL license.
